The eyes of apex predators, such as the shark, have fascinated comparative visual neuroscientists for hundreds of years with respect to how they perceive the dark depths of their ocean realm or the visual scene in search of prey. As the earliest representatives of the first stage in the evolution of jawed vertebrates, sharks have an important role to play in our understanding of the evolution of the vertebrate eye, including that of humans. This comprehensive review covers the structure and function of all the major ocular components in sharks and how they are adapted to a range of underwater light environments. A comparative approach is used to identify: species-specific diversity in the perception of clear optical images; photoreception for various visual behaviours; the trade-off between image resolution and sensitivity; and visual processing under a range of levels of illumination. The application of this knowledge is also discussed with respect to the conservation of this important group of cartilaginous fishes.
parative studies have highlighted the diversity of visual adaptations of the camera-like eyes of vertebrates, and emphasised that each of the ocular components of the eye appear to be under different selective pressures, influenced by both ecological and evolutionary factors, reflecting the visual demands of each species for survival in a range of light environments and ecological niches. [8] [9] [10] Although the eyes of terrestrial and aerial vertebrates have received particular attention, [11] [12] [13] [14] [15] [16] [17] the eyes of sharks and their cartilaginous relatives have remained mysterious in many ways, influenced by historical perceptions of their poor eyesight and reliance on their well-developed sense of smell.
Given their large body size and the inevitable logistical difficulties in assessing their visual capabilities both under laboratory conditions, and especially in the wild, it is perhaps not surprising that we know relatively little about how these apex predators perceive their visual world. However, the eyes of sharks are critical to our understanding of eye evolution within vertebrates as a whole, 7 since they represent the first stage of the evolution of jawed vertebrates and are one of the oldest living vertebrate groups on earth. 17 It is also important to understand the visual behaviour of these ancient predators in order to aid conservation efforts, reduce fisheries bycatch, understand the impacts of human-induced environmental change and in developing shark mitigation strategies in areas frequented by both sharks and humans. 18 
Sharks and their relatives
Sharks are a group of early fishes that have captivated human attention throughout history, and have been absorbed, reimagined and represented across the ages in all of the major art forms. 19 Taxonomically, these ancient predators are members of the class of cartilaginous fishes (Chondrichthyes) comprising the sharks, rays, skates and chimaeras. Sharks are also members of the subclass Elasmobranchii (sharks and rays) and the order (Selachii), which comprise over 500 species and have been represented in the fossil record for over 400 million years ( Figure 1A , B).
Over their long evolutionary history, sharks have diversified to become essential components of almost all aquatic environments, experiencing a wide range of lighting conditions, for example, from the polar seas to tropical oceans, from freshwater rivers to shallow, coastal marine environments and even infiltrating the deep ocean, thousands of metres below the surface, where little sunlight penetrates. Adult sharks range in body size from less than 10 cm, for example, the dwarf lanternshark, Etmopterus perryi, to over 15 m, for example, the whale shark, Rhincodon typus, and all have welldeveloped eyes. Although almost all sharks are harmless to humans, due to a general lack of understanding, sharks are often viewed by the public with fear and their sheer presence considered a threat, which has led to a change of how humans perceive sharks and even a range of culling and control programs (https://www.marineconser vation.org.au/pages/shark-culling.html). However, sharks are critical to the health of marine ecosystems, where many species hold the upper or apex positions in trophic food webs 20, 21 and either directly or indirectly regu-
Shark sensory systems
A key factor in the success and longevity of sharks as apex predators is their sophisticated battery of sensory systems, which comprise at least seven sensory modalities -chemoreception (including both gustation and olfaction), passive electroreception, mechanoreception (including both lateral line and audition), magnetoreception and vision. 23, 24 All of these senses play a significant role in the ongoing position of sharks as apex predators in the aquatic environment, but recent studies have revealed a profound difference in the relative importance of each of these senses, at least with respect to the relative proportion of sensory input to the central nervous system. 25, 26 This review a will focus on a comparative analysis of the visual system of a range of shark species, reviewing previous findings but also highlighting new research on the diversity of their visual adaptations. Given the ongoing difficulties in maintaining and experimentally manipulating large (pelagic, mesopelagic and benthopelagic) sharks in captivity, assessments of visual behaviour will, no doubt, continue to rely on predictions based on structure-function relationships, and remain dependent on studies focusing on smaller model species. However, it is important to appreciate the level of species-specific variation in the visual system and the risks involved in extrapolating across groups when considering visual behaviour. With the inherent difficulties in gaining access to fresh ocular tissue and observing visual behaviour in situ, there remain large gaps in our understanding of the evolution of visual traits, especially with respect to assessing the influences of ecological and phylogenetic factors, and in predicting the impacts of human-induced environmental change, that is, global warming, terrestrial run-off, turbidity and coastal development, on shark visual behaviour.
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The shark visual scene
The shark visual scene is governed by the topography and complexity of their ecological habitat and the intensity and spectral composition of the ambient light, which differs according to depth. In open marine waters, short and long wavelengths are differentially absorbed with increasing depth, attenuating the light to the blue-green region of the spectrum (~460-480 nm). 28, 29 Closer to shore, light intensity reduces rapidly due to the level of organic matter within the water column and the spectral composition of the water often shifts to longer wavelengths. Therefore, shallow species of sharks will encounter variable underwater light conditions, especially if they are migratory 30 or the environmental conditions are likely to vary. 31 Diel vertical migration patterns in which some species may traverse the water column from the surface to 600 m in about 10 minutes exposes the eye to rapid changes in light intensities (up to eight log units). [32] [33] [34] The eyes of some species of sharks that exhibit ontogenetic shifts in habitat and diet are even able to adapt to changes in environmental conditions. [35] [36] [37] However, a very different visual system is required for sharks to penetrate the ocean depths.
In the deep sea, sharks must be able to detect bioluminescence as opposed to those species that frequent the relatively shallow parts of the euphotic zone. Species that venture into the mesopelagic twilight zone (200-1,000 m) are exposed to a visual scene continuum where, with increasing depth, extended downwelling sunlight is progressively replaced by point-like bioluminescent emissions. 32 In this vast, dim habitat, many animals, including sharks, rely on vision for their survival and hence have evolved various strategies to optimise photon capture. 38 The patterns of ventral photophore organs in many species of deep-sea bioluminescent sharks have been suggested to explain speciation in response to maintaining isoluminance as a counter illumination strategy to avoid predation from upward-looking predators. 39 Vision is an important sense in these habitats and many epipelagic and mesopelagic species of sharks possess large eyes and retinorecipient brain areas.
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Visual fields
As in all animals, eye position in the head, eye mobility, pupil shape, lens movement, head movement, and the extent of eye protrusion from the body contour all dictate the region(s) of the environment each eye subtends and optically samples. 9 In most species of active benthopelagic and pelagic sharks, the eyes are situated laterally on the head but in benthic species the eyes are often positioned more dorsally 41, 42 ( Figure 1A , B). Eye mobility in sharks appears to be low to moderate, when compared to bony fishes, and only contributes to changing the degree of binocular overlap. Although very few species have been examined, each eye in sharks typically has a large monocular visual field ranging from about 100 to 200
in the vertical plane and about 160 to over 250 in the horizontal plane 43, 44 ( Figure 2 ).
The degree of binocular overlap varies substantially from about 0 to 50 in the horizontal and vertical planes with part of the variation due to differences in the methodology used, that is, electroretinography versus morphological. 43, 44 Many species, such as the bonnethead shark, Sphyrna tiburo with a moderate cephalofoil expansion, possess large blind spots. The extent of the visual field in sharks has also been found to change ontogenetically. Using both ophthalmoscopy and orthodromic illumination, the monocular visual fields in bamboo sharks (Chiloscyllium punctatum) has been compared in neonatal and juvenile individuals and found to be differ- niles. The main reason for this intraspecific difference in visual field size is believed to be the difference in how far the eyes of neonatal and juvenile bamboo sharks protrude from the head. As the shark ages, the eyes retract into the head, until at the adult stage they are barely visible when viewed dorsally. Neonatal bamboo sharks spend most of their time hidden and have cryptic colouration, which indicates that they are more vulnerable than juvenile bamboo sharks and may therefore require a larger visual field, with larger areas of binocular overlap, to aid in the detection of predators and prey.
Eye shape and size
Like most vertebrate eyes, the shark eye is camera-like, conforms to a basic structural plan, and is hemispherical or ellipsoidal 46, 47 ( Figures 1 and 3 ). However, in some species where the head is dorso-ventrally flattened, that is, in the Sphyrnidae family of hammerhead sharks, the eyes are elongated rostrocaudally, with a greater equatorial eye diameter than axial eye diameter. Absolute eye size varies from over 62 mm in the pelagic, big-eyed thresher shark (Alopias superciliosus) 48 to less than 3 mm in the deep-sea, longsnout dogfish (Deania quadrispinosum). 49 Oceanic and shallow benthopelagic species, which predate on active, mobile prey, typically possess larger eyes than coastal benthic sharks when body size is taken into account. 48, 50 However, there is a high level of variation, which depends partly on the organisation of the visual system, the visual demands of each species, and the visual environment, which for sharks, varies from the well-lit epipelagic zone to the extended visual scene of the meso-and benthopelagic zones of the deep sea. In a study of eye size in 32 species of adult sharks by Lisney and Collin, 48 pelagic species with the largest eyes belonged to the genera Alopias, Squalus, Pseudocarcharias, Prionace and Carcharhinus, many of which undergo regular vertical migrations up and down the water column between the epipelagic (0-200 m) and upper mesopelagic (200-600 m) zones. Vision is important in these groups of large-eyed sharks, the eyes of which allow both high resolution (with a large focal length necessary to obtain a minimum resolvable angle for good spatial resolution) and high sensitivity (with a relatively large pupil size to increase photon capture) in oceanic regions, where water clarity is high and sunlight penetrates to extraordinary depths (up to 1,000 m). 51, 52 In A. superciliosus, the eyes are larger due to the presence of an orbital rete mirabile, which serves to heat the eyes and brain and protect these organs from large temperature changes associated with their regular diel vertical migrations from the surface to depths of 600 m. 53 In lamnid sharks, this warming mechanism is mediated by the hyoidean efferent and pseudobranchial arteries. 53, 54 Despite being energetically costly, warming the eyes also improves temporal resolution, and hence the detection of rapid motion in these fast-swimming predators. 55, 56 Given that the bathypelagic zone is a largely barren environment, where food supplies are limited and metabolic rates are low, sharks that occupy this region typically possess small eyes. 32, 48 The eyes of sharks show continual growth throughout life with a close relationship between eye growth and body length, where the equatorial, vertical and axial eye diameters typically increase in a linear relationship with total body length. 36 However, eye growth in the sandbar shark Carcharhinus plumbeus is allometric, with the length of the eyecup in the vertical and equatorial planes increasing at a faster rate than in the axial plane, resulting in a broader, flatter eyecup in an adult C. plumbeus compared with a juvenile.
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The optic pedicel
The eyes of elasmobranchs, including sharks, possess a unique and prominent structure, the optic pedicel, which runs 'prop-like' from the cranium to the back of the eye 1, 57, 58 ( Figure 4 ). From fossil evidence, this cartilaginous rod-like structure first appeared in the Devonian Period within the earliest branch of the gnathostomes (jawed fishes), that is, within the Placodermi at about the same time as the evolution of sharks about 400 million years ago. 7, 57 Although the placoderm fishes became extinct after 50 million years, this structure has persisted in elasmobranchs and in a few species of deep-sea bony fishes but its function remains elusive.
Although not always present in some species, the junction between the back of the eye and the pedicel appears to be a synovial articulation, which allows free movement of the eyeball. 1 In some species of sharks, the
'joint' appears to be a 'ball and socket' arrangement with a scleral protrusion ('ball') extending from the back of the scleral eyecup, which articulates with a cartilaginous rod that attaches to the orbit ( Figure 4B , C). In batoid rays, the proximal end of the optic pedicel follows the shape of the scleral bursa, while in most sharks the end of the pedicel is spherular ( Figure 4D ). In both arrangements, the pedicel is surrounded by dense (and often fatty) connective tissue containing elastic fibres and collagen ( Figure 4C, D) . Histological analysis has confirmed that the optic pedicel is comprised of hyaline cartilage, where closely packed collagen fibres provide structural support with elastic qualities. Walls 1 noted that, in some species of sharks, the pedicel was slender and had a tendency to straighten and proptose the eyeball, when the extraocular muscles were relaxed ( Figure 4A ). This observation may help explain both its function and evolution.
Given the large eye size of many sharks and rays and the close proximity of the optic pedicel to the optic nerve, the pedicel may help support the globe in the orbit and also help protect the optic nerve from stretching during eye movements. Within a sample of 19 species of elasmobranchs (12 species of sharks and seven species of rays), it has been revealed that there is a direct relationship between the size of the eye and the surface area of the pedicular articulation, indicating that the pedicel may provide additional support in large-eyed species and provide a way of aligning the eyes into a 'default' position following compensatory eye movements. The eyes of rays also protrude from the head significantly more than sharks, leading to less orbital support, and Lisney et al. 46 Note the large prominent spherical lens.
further indicating a supportive role for the pedicel.
Extraocular eye muscles
There are typically six extraocular muscles in sharks (and all gnathostomatous fishes) -the superior, inferior, lateral and medial rectus muscles and the superior and inferior oblique muscles. All muscles are innervated by the oculomotor nerve (nIII) except for the lateral rectus and superior oblique, which are innervated by the abducens (nVI) and trochlear (nIV) nerves, respectively. The recti muscles insert around the equator of the eyeball, while the oblique muscles insert more rostrally. These muscles are responsible for the range of eye movements along the horizontal, vertical and torsional planes. In Squalus sp., Mustelus sp. and Cephaloscyllium sp., the contraction of the inferior rectus muscle gives rise to a reflexive rolling of the eye backward and inward to protect the cornea following proprioceptive stimulation of the snout. 59 Recent macroscopic examination of the complement of extraocular muscles in the bamboo (Chiloscyllium punctatum), epaulette (Hemiscyllium ocellatum) and wobbegong (Orectolobus maculatus) sharks has revealed two extra muscles (pedicular muscles) in addition to the six extraocular muscles found in all other extant vertebrates ( Figure 4A , B). Both these muscles are innervated and insert into the rim of the 'socket' of the optic pedicel and originate on the cranium. The horizontal pedicular muscle originates close to the base of the inferior rectus, while the oblique pedicular muscle originates close to the base of the lateral rectus ( Figure 4B ). All three species of sharks are benthic and possess pupils that constrict to an oblique slit under bright light conditions. Since the oblique pedicular muscle lies in the same orientation as the pupillary slit in these species, the optic pedicel may also play a role in helping to guide eye movements along a specific visual axis.
Eye movements
Eye movements in sharks are thought to be controlled through efference copy, a neural mechanism in which a copy of the signal that controls the body movements during swimming is transmitted to the extraocular muscles, inducing eye movements that counteract body rotation. 59, 60 Compensatory eye movements keep the retinal image stable when the animal is moving or when the visual world is moving around the animal. 59, [61] [62] [63] Smooth pursuit eye movements allow the eyes to track moving objects with their retinal areas of high resolution. [64] [65] [66] [67] Both compensatory and smooth pursuit eye movements would be expected in sharks as a way of keeping the image of the visual world stable on the retina as the animal moves through its environment. 1, 63, 68 Unfortunately, little is known about these types of eye movements in free-swimming sharks. Some recent studies in the bamboo shark (Chiloscyllium punctatum) and the Port Jackson shark (Heterodontus portusjacksoni), reveal that both of these species can track a visual grating with both smooth pursuit eye movements and compensatory eye movements when exposed to a rotating stimulus. 59, 69, 70 Conjugated smooth eye movement (optokinetic nystagmus) in the direction of the rotation of a visual grating was followed by a (compensatory) saccade in the opposite direction in order to help keep the retinal image stable. 70 However, when presented with a moving stimulus such as vertical stripes. The extremely low gain of the optokinetic system in these two species may be explained, in part, by the presence of a pronounced horizontal visual streak of high ganglion cell density, 71, 72 which could negate the need for any rapid or significant eye movements to align their retinal acute zones to moving stimuli. Compensatory eye movements may be expected in less controlled conditions, for example, during both body and head movements in free-swimming sharks, in order to cope with image motion on the retina, or optic flow, which can lead to optic blur, reduced contrast and spatial resolving power. 60 However, Ryan et al. 70 found
C. punctatum did not display any compensatory eye movements to correct for the lateral displacement of the head during sinusoidal (free) swimming. Using previously published estimates of spatial resolving power, photoreceptor response times and average swimming speeds, 73 these same authors calculated that objects greater than 35 cm away would be blurred for nearly half the swim cycle. 70 This may be adequate for a relatively sedentary species such as C. punctatum, but more active and faster swimming sharks may require greater compensatory eye movements. One advantage of head movements without compensatory eye movements could be an extended visual field and a reduced blind spot behind the shark 43 but this may be at the expense of periodic blurring.
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The ciliary zone and pupil
The ciliary zone in sharks comprises the iris, the ciliary body, ciliary folds, and the ciliary papilla. All are bathed in aqueous humour. Zonular fibres that hold the crystalline lens in place also occur but are considered to be condensations of the vitreous body. 3 The irideal mechanism responsible for the pupillary response consists of a dilator muscle controlled by the third cranial nerve and an antagonistic sphincter muscle. The iris controls the amount of light entering the eye, while the other ciliary structures move the lens during accommodation and secrete the aqueous humour, which ultimately controls intraocular pressure (which is 7.8 mmHg in
Mustelus sp.). 74 It is not known whether the aqueous humour is drained by the trabecular meshwork or the unconventional uveoscleral pathway. Elasmobranchs, including sharks, generally possess mobile pupils in which orientation and shape differ markedly between species (Figure 1 ). Most teleost fishes have fixed pupils and, in contrast to sharks, rely instead on photomechanical movements of the photoreceptors or physiological adaptation to modulate retinal sensitivity. 75 A mobile pupil allows for a variable depth of focus and light-gathering power between light and dark-adapted eyes. The fully dilated pupil in sharks is typically circular or oval in shape, while the constricted pupil is known to take on many different shapes, sizes and orientations. 1, 46, 76 The pupils in the benthopelagic bamboo (C. punctatum) and epaulette (H. ocellatum) sharks constrict to a slit, which is oriented diagonally, while the pupil in the demersal sandbar shark Carcharhinus plumbeus constricts to a vertical keyhole slit, which is 70 per cent smaller in area than the maximum dilated pupil aperture 36 ( Figure 5 ). When fully constricted, the slit-shaped pupil of some sharks, such as the small spotted dogfish Scyliorhinus canicula, is reduced to a double pupil with a small aperture at each end of the slit. 77 The bonnethead shark, Sphyrna tiburo, possesses a horizontally oriented slit pupil in the light-adapted state. 76 According to Walls 1 the main advantage of a slit pupil over a circular pupil is the ability to close it more completely under very bright illumination. Therefore, it might not be surprising to observe slit pupils in sharks that are active both during the day and night, where they must cope with enormous fluctuations in light intensity. However, slit pupils cause an asymmetry in the transfer of spatial frequencies to the retina, such that linear detail perpendicular to the slit is blurred. 46, 78 A shark with a vertical slit pupil will be able to resolve detail in the vertical plane much better than in the horizontal plane, although this will also depend on the spatial resolving power of the retina and the amount of other aberrations of the eye. Pupillary responses in sharks are typically correlated with the light environment of each species, [79] [80] [81] with diurnal species achieving complete constriction or dilation of the pupil up to 30 times faster than nocturnal species (5-120 seconds in diurnal species versus 5-60 minutes in nocturnal species). Some species from low-light intensity habitats, such as the deep-sea, appear to have completely immobile pupils, or pupils with limited mobility, compared to species found in shallower and brightly lit habitats. However, the shortspine spurdog, Squalus mitsukurii, which occupies the deeper regions of the epipelagic and mesopelagic zones to a depth of 1,000 m, does not show any circadian change in its pupil area. 36 The cornea and nictitating membrane
The cornea in sharks is relatively thin (about 160 μm) compared to humans (540 μm) but has a similar structure comprising a multilayered epithelium (up to 12 cell layers in Mustelus sp.), 82 with an underlying basement membrane, a thick stroma including a modified anterior Bowman's layer, and an endothelium with a thick basement membrane (Desçemet's membrane) separating it from the stroma. The corneal epithelial surface is modified to form both microvilli and microplicae in the tiger shark, Galeocerdo cuvier and the deep-sea black shark, Dalatias licha 83 in order to increase the surface area for the exchange of nutrients and waste products. 84 Bowman's layer occupies 15 per cent of the corneal thickness in some species of sharks, 85 while both Desçemet's membrane and even the endothelium is often absent. Therefore, the vital role that the endothelium plays in maintaining corneal transparency may be accomplished by the epithelium in this group of cartilaginous fishes.
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The thick and thin sutural fibres that traverse the stromal lamellae in the cornea of sharks are known to inhibit swelling, 83, 87 when the eye is exposed to fresh water, and to compensate for the high osmotic pressure of shark tissue. The sutural fibres, which traverse the thickness of the stroma, may also aid in maintaining corneal transparency.
The nictitating membrane, found exclusively in carcharhiniform sharks, evolved as an extension of the lower eyelid and is thought to be similar to that found in amphibians, birds and mammals. Comprised of dense connective tissue covered in denticles (placoid scales), 76, 88 the nictitating membrane is a mobile component of the ocular adnexa, which is well developed in at least four families of sharks including the family Carcharhinidae 41 ( Figure 1G ). During feeding, sharks close the nictitating membrane and open the jaw at the same time, 89 showing a close relation between prey capture and eye protection. Inter-specific differences in the hexagonal arrangement of dermal denticles over the membrane suggest dynamic and biomechanical adaptation of this highly mobile structure to rapidly and efficiently protect against abrasion, mainly during predation events. 88 
Optics and accommodation
As for other aquatic vertebrate eyes, light enters the shark eye through the cornea and pupil and is refracted by the lens to ultimately be focused onto the neural retina lining the back of the eye (Figure 3 ). In water, the cornea has little or no refractive power, 90 and so the crystalline lens is the sole focusing element. As in teleosts, the elimination of corneal power in sharks has led to the lens becoming spherical, although in some species the axial lens diameter may be slightly less than the equatorial lens diameter, that is, up to 21 per cent different. 46, 48, 91, 92 However, some reported levels of interspecific variation in the focal ratio may be accounted for by the fact that the lens shape changes and becomes more spherical with eye growth, as has been revealed in both the brownbanded bamboo shark Chiloscyllium punctatum and the sandbar shark Carcharhinus plumbeus. 36, 71 The relationship between the distance from the centre of the lens to the retina and the lens radius (Matthiessen's ratio) 93 The spatial orderliness of the various types of crystallin fibres contributes to the transparency of the lens, while the high concentration of refractile protein gives the shark lens its overall high refractive index. 98 As in teleosts, the concentration of the lens protein is graded in the shark eye to reduce or even negate the degree of longitudinal spherical aberration. 99, 100 Longitudinal chromatic aberration is minimal in sharks, that is, less than one per cent of focal length for Negaprion brevirostris, 96 although some variation in focal length between red and blue wavelengths is described for Squalus acanthias.
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The transmission of incident light striking the retina in sharks is often impeded by spectral filters located in the cornea and/or the lens. 36, 102, 103 Spectral filters within the ocular media are found in species occupying a range of coastal temperate, coral reef, oceanic and benthopelagic environments (0-200 m), where there are higher levels of potentially damaging ultra-violet light present. The removal of ultra-violet light will also reduce the degree of light scatter, thereby improving the retinal image. The spectral transmission of the lens has also been found to change through ontogeny in sharks, 36, 102, 104 with λ T50 values (wavelength at which transmission falls to 50 per cent) shifting to longer wavelengths in larger lenses from older individuals. 47 Accommodation in sharks is mediated by the forward (anterior) movement of the lens following the contraction of the protractor lentis muscle located in the pseudocampanule, an ectodermal muscle located in the ventral papilla of the ciliary body, which moves the lens away from the retina 105, 106 ( Figure 3) . The lens is supported by both the protractor lentis muscle and the suspensory ligament. Most previous attempts to induce accommodation experimentally in elasmobranchs have been performed on anaesthetised or restrained animals, which may bias attempts to measure the refractive state. However, Hueter et al. 107 found that freeswimming lemon sharks Negaprion brevirostris were emmetropic relative to a stimulus viewed at a distance of one metre, while restrained sharks became increasingly hyperopic.
Photoreception Retina
The retina of sharks, like other vertebrates, comprises three cellular layers interspersed by two plexiform layers, where synaptic connections are localised. 4, 108, 109 Five different types of neurons are found in the retinaphotoreceptor nuclei, which lie in the outer nuclear layer; bipolar, amacrine and horizontal cell nuclei, which lie in the inner nuclear layer; and ganglion cell nuclei, which lie in the ganglion cell layer ( Figure 6A, B) . When light energy strikes the retina, it is transformed by the visual pigments in the outer segments of the rods and cones (phototransduction) into electrochemical signals. 5, 110 These signals are then transferred directly from the photoreceptor terminals to the outer plexiform layer via synaptic contacts with the bipolar and horizontal cells that lie within the inner nuclear layer. Bipolar and amacrine cell terminals make synaptic connections with the dendrites of the retinal ganglion cells within the inner plexiform layer. Amacrine cells form extensive lateral interconnections with the processes of bipolar cells and help to shape the complex response properties of many types of ganglion cells ( Figure 6A ). Heterodontus francisci, and provide a sensitive conduit for processing motion. The retina is bordered by the inner limiting membrane and the retinal pigment epithelium/Bruch's membrane complex. In addition to absorbing light not captured by the photoreceptor outer segments and providing a transport mechanism for nutrients and ion exchange with the choriocapillaris, the retinal pigment epithelium is active in visual pigment regeneration and renewal of the outer segment discs. Figure 6 . A: Transverse section of the retina of the brownbanded bamboo shark, Chiloscyllium punctatum. a, amacrine cell; b, bipolar cell; c, cone; g, ganglion cell; gcl, ganglion cell layer; h, horizontal cell; inl, inner nuclear layer; nfl, nerve fibre layer; olm, outer limiting membrane; onl, outer nuclear layer; opl, outer plexiform layer; p, photoreceptor layer; r, rod. B: Transverse section of the inner retina of C. punctatum showing the bundles of myelinated ganglion cell axons (arrows) within the nerve fibre layer. Scale bar 20 μm. C: Electron micrograph of a cone photoreceptor in the retina of C. punctatum. cm, cone myoid; cos, cone outer segment; m, mitochondria; ris, rod inner segment. Scale bar 3 μm. D: Normalised mean prebleach absorbance spectra of the rod and cone visual pigments in the common blacktip shark Carcharhinus limbatus. λ max , wavelength of maximum absorbance. E: High-power micrograph showing an axial view of the rod photoreceptor array in the retina of the shortspine spurdog, Squalus mitsukurii. Scale bar 8 μm.
Spectral sensitivity and colour vision
The spectral absorption characteristics of the visual pigment molecules embedded within the outer segment discs of the photoreceptor cells determine the range of wavelengths to which a shark is sensitive. Visual pigment spectral absorption is a function of both the chromophore and the opsin. In sharks, either a porphyropsin visual pigment containing 3,4-didehydroretinal (vitamin A 2 -based) and/or a rhodopsin with 11-cis retinal (vitamin A 1 -based) can be used as a chromophore. When a porphyropsin is used, the wavelength of maximum absorbance (λ max ) is shifted toward longer wavelengths. [121] [122] [123] The rods of juvenile lemon sharks Negaprion brevirostris contain a 522 nm λ max porphyropsin visual pigment, while the adults have a 501 nm λ max rhodopsin. 124 The difference in rod spectral tuning is attributed to the fact that juvenile lemon sharks spend the first few years of their lives in shallow inshore waters containing higher proportions of dissolved organic matter relatively richer in longer wavelength light compared to the bluer offshore waters frequented by the adults. The spectral sensitivity of a visual pigment may also be determined by the amino acid complement of the opsin protein. There are five major classes of opsin proteins in vertebrates -'short wavelength-sensitive 1' (SW1) found in cones; 'short wavelength-sensitive 2' (SW2) found in cones; medium wavelength-sensitive rhodopsin found in cones (Rh2); medium/ long wavelength-sensitive (M/LWS) found in cones; and a rod opsin (Rh1) found in rods. 125 The majority of shark species examined possess A 1 -based rhodopsins, with species living in shallow water typically with rod λ max values between 484 and 518 nm (represented by a relatively high number of carcharhinid species) and deeper-dwelling species being blue-shifted with a rod λ max value at 472 nm that is, in the Portuguese dogfish Centroscymnus coelolepis.
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The degree of blue shift is a function of habitat depth and ensures that the visual system is maximally sensitive to the wavelengths of light that penetrate the water furthest and are thus most abundant. It may be that the rod visual pigments of benthopelagic carcharhinid sharks are tuned more to the radiance reflected from the substrate, which is relatively richer in long wavelengths compared to the upwelling radiance encountered in deeper water, 128 than the pelagic species, which spend less time swimming close to the substrate and must scan the water below them for predators, a task that would benefit from a more blue-shifted rod visual pigment. 115, 129 Blue-shifted visual pigments are also optimised for the detection of bioluminescent light sources, which frequently have an emission peak in the blue-green region of the spectrum. 130, 131 However, at least three families of elasmobranchs (urotrygonid stingrays and orectolobid wobbegongs and scyliorhinid catsharks) have evolved another mechanism to take advantage of the abundance of blue, high energy short wavelength photons in deep water, that is, biofluorescence. 132, 133 In these groups, biofluorescence is the byproduct of fluorescent compounds in the skin tissue absorbing the dominant high-energy ambient blue light and re-emitting them as longer, lower energy wavelengths resulting in patches of the body fluorescing in green, orange or red to the human visual system. 133 Recent microspectrophotometric analysis of the absorbance properties of the retinal photoreceptors of at least two species (Cephaloscyllium ventriosum and Scyliorhinus retifer), has confirmed that this biofluorescence is detected by the pure rod retina. 133 The fact that these cryptically patterned biofluorescent sharks are capable of visualising their own fluorescent emissions suggests that this may be a mechanism for species recognition by creating a greater luminous contrast against the surrounding background at depth. There is very little known about shark cone opsins, although a recent microspectrophotometric study in 17 species of sharks reveals that all species possess a single class of rod. Only seven of these species possess a single class of long wavelength-sensitive cone photoreceptor with λ max values between 532 and 561 nm 115 ( Figure 6D ).
Without a second class of cone, this suggests that sharks are cone monochromats or colour blind, a characteristic that has been tested and confirmed behaviourally in the grey bamboo shark, Chiloscyllium griseum by Schluessel et al. 134 Cone monochromacy is not common in vertebrates, which is perhaps surprising given that many sharks frequent the same (often colourful) environments as many batoid and teleost species, all of which possess multiple spectral cone types. [135] [136] [137] [138] It is unknown why sharks have retained only one long wavelength-sensitive class of cone. However, there may have been selection pressures to reduce the deleterious effects of chromatic aberration on visual performance and/or a selective advantage for coastal species living in a habitat predominated by longer wavelengths. 115 Interestingly, most marine mammals are also cone monochromats and lack short wavelength-sensitive cones. 139 This appears to be a good example of convergent evolution, where visual contrast (possibly in combination with other visual indicators such as shape and movement) may play a greater role in locating prey than colour discrimination.
Although at least one species of benthic shark (the wobbegong, Orectolobus ornatus) lacks the molecular machinery to process colour, 140 future molecular studies of the opsin genes expressed by the retina in other species of sharks will help explain this phenomenon. The inability to process colour appears to be a major divergence from the situation in batoids (rays) and holocephalomorphs (elephant sharks), which possess representatives with up to three different classes of cone pigments 136, 137, 141 and, at least in rays, have been shown to have functional trichromatic discrimination abilities when behaviourally tested. 142 
Retinal topography
As in all vertebrate retinae, the distribution of retinal cell types varies in sharks. 119, 143 Localised retinal regions of high cell density indicate that specific regions of the visual field are sampled at higher levels. An area consists of concentric increases of cell density, whereas a visual streak is an elongated band of increased cell density across the horizontal retinal meridian ( Figure 7A, B) . According to the 'terrain theory' of Hughes, 11 which relates these retinal specialisations to the habitat of an animal, areae are typically found in sharks inhabiting structurally complex environments or predatory species with more pronounced eye movements, 143, 145, 146 thereby mediating acute vision in a specific area of the visual field. Shark species living in more twodimensional habitats without visual obstruction of their horizon, typically possess a more pronounced visual streak, which would be useful in scanning a panoramic visual field with minimal eye or head movements. 11, 143, 147 Most studies have thus far concentrated on the distribution of retinal ganglion cells 92 49, 93 Pelagic or benthopelagic species with active lifestyles tend to possess centrally positioned retinal areae or weakly elongated visual streaks, such as the grey reef shark Carcharhinus amblyrhynchos and blue shark Prianace glauca. 149 The white shark, Carcharodon carcharias has large extraocular eye muscles and is known to move its eyes when fixating target objects 41, 150 to align its temporo-ventrally located area centralis toward its upper frontal visual field, to allow some binocular overlap that would assist in seizing its prey, which it often attacks using a rapid upward strike from below. 150, 151 Benthic shark species, such as the brownbanded bamboo Chiloscyllium punctatum and the epaulette Hemiscyllium ocellatum that feed on relatively immobile prey, commonly possess a dorsal visual streak, which would facilitate downward vision and be used to panoramically scan the substratum for food and predators. 119, 149 In some species (Scyliorhinus canicula and Galeus melastomus), the position of the horizontal streak coincides with the position of the underlying strip of tapetum lucidum located within the choroid (see below), which preferentially reflects light back onto the photoreceptors to enhance sensitivity, where the rod outer segment lengths are longer. 77, 119 An increase in visual sensitivity can be achieved by enlarging the portion of the photoreceptor responsible for photon absorption, that is, the outer segment. The outer segment length of rod photoreceptors, a photoreceptor type present in all shark retinae described thus far, has been reported to range from 16 μm in the lemon shark, Negaprion brevirostris 116 to 77 μm in the blackmouth catshark, Galeus melastomus 77 depending on density. The apparently counter-intuitive finding that rods overlying the brightest portion of the tapetum have longer outer segments than those in peripheral or extra-tapetal areas, suggests that outer segment elongation is a strategy used by sharks to increase sensitivity without compromising spatial resolution through increased summation. 46 Bioluminescent sharks found in the mesopelagic zones of the deep-sea also possess species-specific and habitat-specific retinal specialisations such as a translucent area in the dorsal eyelid containing numerous photophores directed toward the retinal photoreceptors. This specialisation of the upper eye orbit of etmopteran sharks, may provide a reference system for counter-illumination adjustment or act as a spectral filter for camouflage breaking. 144 Other specialisations in deep-sea sharks include aphakic gaps, semicircular tapeta and a high topographic diversity with pelagic species displaying areae centrales and benthopelagic and benthic species displaying wide and narrow horizontal streaks 152 ( Figure 7C ). Deep-sea sharks also possess high convergence ratios to detect bioluminescent signals in addition to rod acute zones to detect and follow small glowing areas on the skin of conspecifics during dynamic behaviours such as cohesive swimming and hunting. 144, 152 Rod densities in deep-sea sharks reach densities of 82,000 rods per mm 2 with over 63,000,000 rods found in each eye in the longsnout dogfish, Deania quadrispinosum.
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Spatial resolving power and retinal summation
The areas of highest retinal cell density mediate increased spatial resolving power in particular regions of the visual field to which the specialisations are directed. The spatial resolving power, expressed in cycles per degree, is a measure of the minimal separable angle at which two points can be differentiated or resolved based on (peak) receptor (typically retinal ganglion cell and/or photoreceptor) spacing and the focal . Scale bar 2 mm. Note the different topographic arrangements from weak horizontal streaks in E. spinax and E. splendidus to two areae centrales in E. lucifer. Black dot indicates the optic nerve head. After Claes et al.
ratio. 153 The focal ratio can be calculated empirically using laser ray tracing 154 or by assuming a standard focal ratio of 2.55 estimated by Matthiessen for teleost eyes. 93 Estimates of spatial resolving power have assumed that the retinal ganglion cells are arranged in a square mosaic, but a hexagonal mosaic may be more likely as this arrangement maximises the packing of ganglion cells with circular receptor profiles. [154] [155] [156] Although the exact cellular packing of retinal ganglion cells in chondrichthyans is yet to be determined, the variation between the two methods is slight, with a hexagonal mosaic yielding higher values by less than one cycle per degree. 92, 93, 149 In an analysis of spatial resolving power in 23 species of sharks, values ranged from two to 11 cycles per degree, 47 which is low compared to teleosts. 153 It appears that relatively inactive, benthic and benthopelagic species that feed off the substrate and inhabit coastal or deep-sea environments have lower spatial resolving powers, whereas active, benthopelagic and pelagic species that feed on more mobile prey have higher spatial resolving powers. 47, 92, 93, 119, 137, 148, 149, 157 Litherland et al. 93 also showed that spatial resolving power increases with eye growth in Carcharhinus plumbeus (from 4.3 to 8.9 cycles per degree) and Squalus mitsukurii (from 5.7 to 7.2 cycles per degree). These increases are attributed to the enlargement of the lens and axial focal length associated with the ontogenetic growth of the eye, conferring a visual predatory advantage for at least adult C. plumbeus, which feed more on larger, active prey items than juveniles. 158, 159 Spatial resolving power can also be tested behaviourally by observing optomotor and optokinetic responses to different, moving, black-and white-striped gratings or through electrophysiological methods. Although few species have been examined, a recent study by Ryan et al. 70 revealed that the spatial resolution of the Port Jackson shark, Heterodontus portusjacksoni and the brownbanded bamboo shark, Chiloscyllium punctatum is only 0.38 cycles per degree when eye movements are recorded in response to optokinetic stimuli, which is low compared to estimates of 2.9 cycles per degree in C. punctatum and 3.1 cycles per degree in H. portusjacksoni using anatomical methods. 160 Part of this inequity might be based on estimates based on ganglion cell counts, which often include amacrine cells displaced to the ganglion cell layer and specialised ganglion cells that do not contribute to visual acuity, such as giant ganglion cells 118, 119, 161 but may also be accounted for by the low sensitivity of the optokinetic apparatus. Using contrast sensitivity data for these same species (which is particularly high), Ryan et al. 70 recalculated the spatial resolving power to be 1.8 cycles per degree, which is a better fit to the anatomical estimates.
In most vertebrate retinae, there is a trade-off between spatial resolving power and retinal sensitivity. While a large number of rods are typically connected to a single bipolar cell, cones tend to show less synaptic convergence. The high degree of rod summation by bipolar cells (and the subsequent convergence of many rod bipolars onto a single ganglion cell) results in higher scotopic sensitivity but reduced spatial resolving power. Given the relatively high number of rods in the shark retina, the levels of summation are high. This is exemplified in C. plumbeus and S. mitsukurii, where the degree of convergence occurring between the photoreceptor and the ganglion cell populations increases with retinal distance from the dominant visual axis. However, even in the area of highest spatial resolving power, there is a relatively high degree of spatial summation, that is, 48:1 in C. plumbeus and 40:1 in S. mitsukurii. The high spatial summation in sharks indicates that spatial pooling of visual information is an important mechanism used to increase sensitivity to light. 93, 149 More information is required on interneuronal wiring in the shark retina to reliably indicate the level of summation occurring for each photoreceptor type. Most behavioural studies on visual abilities were performed on sharks between the 1950s and 1970s and are limited due to small sample sizes and the failure to adequately control for some aspect of the visual stimulus -such as the effects of brightness in a colour discrimination task -meaning that the results of such studies are often inconclusive. 46 There is an urgent need for more behavioural studies of visual perception in sharks.
Temporal and contrast sensitivity
Only a small number of studies have estimated temporal resolution [162] [163] [164] and contrast sensitivity 70 in sharks. Temporal resolution is typically measured using critical flicker fusion frequency measures or the highest modulation frequency at which a flickering light source appears as a continuous light. This has been achieved for a limited number of benthopelagic [162] [163] [164] and benthic species 73 using conventional electroretinograms.
For both benthopelagic and benthic species examined thus far, critical flicker fusion frequency thresholds were all within the range of 10 to 44 Hz. 73, [162] [163] [164] With so few species investigated, it is difficult to draw ecological conclusions. However, species from tropical environments (Chiloscyllium punctatum and Heterodontus ocellatum) had higher critical flicker fusion frequencies than those from temperate environments. 73 Although these species are predominantly nocturnal, they may still require visual function under bright light conditions in order to avoid predation. An electrophysiological approach was used to compare contrast sensitivity in five species of sharks: C. punctatum, H. portusjacksoni, Hemiscyllium ocellatum, Mustelus mustelus and Haploblepharus edwardsii. 73 All shark species were highly sensitive to brightness contrast and were able to detect contrast differences as low as 1.6 per cent (up to 2.5 per cent), possibly in response to occupying a low-contrast aquatic environment. As contrast is the limiting factor in most aquatic environments, these species may maximise contrast sensitivity in order to identify both prey and predators, 100 especially in light of a lack of colour discrimination.
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The choroidal tapetum
There are two types of choroidal tapeta -a choroidal tapetum fibrosum consisting of closely packed, regularly arranged, collagenous fibrils running parallel to the retinal surface; and a choroidal tapetum cellulosum, which is formed by arrays of specialised endothelial cells containing reflective guanine or riboflavin crystals or zinc cysteine rodlets. Sharks possess a choroidal tapetum cellulosum or tapetum lucidum, which lies behind the retinal photoreceptors in the choroidal coat, 4, 35, 46, 131 and reflects light, not initially absorbed by the photoreceptors, back onto the photoreceptor outer segments to enhance retinal sensitivity 4, 35, 131 ( Figure 8) . However, the enhancement of retinal sensitivity comes at the cost of image quality. 131 This problem is partially overcome in some species of sharks, as they possess occlusible Clinical and Experimental Optometry 101.5 September 2018 © 2018 Optometry Australia tapeta. 105, 165 This light-dependent mechanism allows stacks of reflecting plates of guanine to become 'uncovered' in the dark or under low light conditions following the sclerad migration of pigment granules (within melanocytes) and 'covered' following the vitread pigment migration of melanin to occlude the tapetum in bright light conditions 124 ( Figure 8C, D) . All species of sharks examined possess tapeta, which give rise to specular eyeshine produced by constructive interference within the stacks of 'thin-film' reflectors, 166 but only species frequenting the upper regions of the water column appear to be occlusible. 36, 127 Compared to the response of the pupil to changes in illumination, both light and dark adaptation of the tapetum occur relatively slowly. The largest increases or decreases in tapetal reflectivity occur within the first 30 minutes of the offset or onset of illumination, respectively, but full adaptation may take up to two hours. 127, 167, 168 Melanosome migration appears to be under local control, that is, by tapetal cyclic adenosine monophosphate levels and is modulated by the retina. 168 All species examined thus far possess crystalline guanine within the tapetum cellulosum. 169, 170 The guanine crystals are packaged within membrane-bound crystal sacs stacked in order to form reflective plates, 15-20 layers thick, within each guanophore. 171, 172 Guanine has a refractive index (n = 1.81) considerably higher than the refractive indices of both the sac membrane and guanophore cytoplasm. This difference in refractive indices causes the specular reflection of light incident upon the crystal sacs.
Both the ocular pigmentation and the tapetal reflectance in the sandbar shark, Carcharhinus plumbeus differs in its two habitats, that is, a blue tapetal reflex is observed in clear-water, shelf populations, compared to an orange-green tapetal reflex observed in turbid-water, estuary populations. This indicates that the coloured reflex elicited by the fundus may be tuned to match the predominant spectrum of light available in the habitat of each species. 36 The ability to vary tapetal spectral reflectance in C. plumbeus may be an adaptation to match ambient illumination (intensity and spectral composition) in a variety of light environments for the purposes of camouflage, in addition to increasing retinal illumination 36 ( Figure 8A , B).
Central representation of visual input
Neuronal projections from the retina to the higher visual centres in the brain have been investigated in a range of elasmobranch species. 171, 172 Retinal ganglion cell axons travel to the brain via the optic nerve, where the left and the right optic nerves almost completely decussate at the optic chiasm, with the majority of axons from each eye projecting to the contralateral mesencephalic (optic) tectum ( Figure 9 ). A small number of axons also project to ipsilateral visual centres. 171, 173 The retinal ganglion cells project to the tectum in a strict retinotopic spatial order, with retinal specialisations such as a visual streak being over-represented. 174, 175 As the tectum is the primary projection site for the majority of retinal ganglion cell axons in sharks and, as in bony fishes, tends to be well developed in species with large eyes, 172 the relative size of this structure may be an indicator of the relative importance of vision, when comparing this measure with relative brain size (encephalisation). 40 The relative volume of the optic tectum in the grey reef shark, Carcharhinus amblyrhynchus, the silky shark, C. falcifomis and the great white shark, Carcharodon carcharias are 58.4 per cent, 44.9 per cent and 40.4 per cent of the total brain volume, respectively, revealing that a significant proportion of the brain is dedicated to visual processing when compared to other senses. 175 Based on relative tectal volume, active reef-associated and pelagic sharks, as opposed to benthic species and scavengers, rely more on visual predation 25, 40 ( Figure 9 ). However, it has been shown experimentally that the tectum does not have exclusive control over visually guided behaviour 176, 177 and there are at least 10 other retinofugal targets in the brain where retinal fibres terminate, 171 including the telencephalon. 25, 175, 178 Importance of understanding visual behaviour in sharks A full understanding of visual behaviour in sharks is many years away but will ultimately provide critical information about species-specific differences in navigation and migration abilities, visual orientation, social interactions including visual communication and how these apex predators visually locate and devour food. 47 Of course, other sensory modalities will also play a role in these natural behaviours, but photoreception, that is, visual perception (image formation) and both ocular and non-ocular (non-image forming) photoreception which mediate irradiance detection and circadian photoentrainment, are known to strongly influence habitat selection, geographic range and even regulate episodic dives down into the water column. Juvenile great white sharks Carcharodon carcharias, which exhibit diel vertical migrations, are known to make deeper dives on nights when there is a full moon 179, 202 suggesting that the increased light intensity at depth on such nights enables them to temporally (and spatially) expand their foraging niche. When feeding behaviours are observed using high speed videography following blocking of sensory input including the mechanoreceptive (lateral line and auditory systems), electroreceptive and olfactory modalities, the importance of vision can be better resolved. Both black-tipped Carcharhinus limbatus and bonnethead Sphyrna tiburo sharks failed to strike at prey at distances where successful strikes were always completed during control experiments. 179, 180 The importance of visual behaviour may also be predicted from ocular features. When compared to other large predatory sharks, C. carcharias are considered predominantly visual predators, based on a low rod-to-cone ratio (4:1), the presence of a well-developed area centralis, 144,181 a diurnal activity pattern and direct observations of feeding behaviour both from above and below the surface. 182 In a shape discrimination trial, Strong 151 found that C. carcharias showed a preference for a surface-borne seal-shaped target when presented simultaneously with a square target of equal surface area. More recently, great white sharks have been found (uniquely) to exploit the sun when approaching baits by positioning the sun directly behind them. This sun-tracking predation strategy has a number of potential functional roles, including improvement of prey detection, avoidance of retinal overstimulation, and predator concealment. 181 Well camouflaged species such as the benthic angel, Squatina californica and wobbegong, Orectolobus ornatus sharks, use a visually mediated ambush strategy to capture prey. 157, 183, 184 Many sharks are social with some species aggregating or forming true schools that may range in size from less than ten to thousands of individuals. The maintenance of a social grouping, such as the dominance hierarchy within a school of hundreds of individual sharks, or the co-operation required by a male and a female to ensure successful reproduction, is achieved through visual communication. The rapid and direct approach of an intruder (a human diver), elicits an aggressive display in the grey reef shark Carcharhinus amblyrhynchos, 185 with the most intense behaviours occurring when the escape route of the shark is restricted. This display has been interpreted as a visual warning display: an expression that the shark intends to attack. 186 Similar agonistic displays have been noted in other carcharhinid (whalers) and sphyrnid (hammerhead) sharks. 89, [185] [186] [187] With respect to visual cues in shark reproduction, a range of precopulatory behaviours have been observed, which may be prolonged and involve mate recognition and courtship. Precopulatory sensory cues are principally olfactory (via pheromones), but these may be combined with visual displays, such as female back arching, submissive body tilting, pectoral fin undulations, pelvic fin cupping and flaring that signal the receptiveness of a female to the male. 188 An understanding of visual behaviour can also aid in predicting how sharks will fair in light of environmental change, fishing exploitation and culling in response to negative shark-human interactions. Global warming is affecting some shark populations, where temperature is directly shaping the distribution of species. 189 It also appears that small-ranging species are in double jeopardy, with limited ability to escape warming and greater intrinsic vulnerability to stochastic disturbances. Recent modelling work based on fisheries data shows that whale shark habitat suitability in the Indian Ocean is mainly correlated with spatial variation in sea surface temperature and that this species shows a strong preference for a restricted ocean surface temperature range between 26.5 and 30 C. 190 The impacts of fishing and finning on shark stocks around the world is now the focus of substantial international concern, [191] [192] [193] [194] whereby authorities are no longer able to predict the susceptibility of populations to collapse and their capacity to Note the differences in the relative size of the optic tectum (ot) in each species with respect to the size of the telencephalon (tel), cerebellum (cb) and medulla oblongata (md). The olfactory peduncles and olfactory bulbs are not shown. Photographs not to scale. After Lisney.
recover. 195 Like cetaceans, many species of sharks exhibit late maturity, slow growth and low reproductive rates, making them extremely susceptible to collapse with relatively little fishing pressure. Given some of the key differences in temporal resolution and spectral sensitivity between sharks and teleost fishes, it may be possible to design lures that emit light at a wavelength to which the target fish are more sensitive than are sharks, or at a frequency that is repellent to sharks but attractive to target fishes. 196 This approach may alleviate some of the issues facing commercial longline fisheries.
Could our increasing knowledge of the shark visual system also be used to develop visual deterrents and change the behaviour of large predatory sharks coming too close to populated beaches? The use of visual 'barriers' has previously been explored by presenting arrays of vertical pipes that resemble kelp strands into which white sharks are reluctant to swim, especially when combined with strong magnets. 197 Other attempts to generate a visual barrier that would repel sharks include the innovative use of bubble curtains generated by air escaping from a submerged perforated hose 45 and strobe lights. 198, 199 Bio-inspired strategies to reduce the contrast of swimmers, divers and surfers as perceived by the three species predominantly responsible for attacks on humans (the great white shark, Carcharodon carcharias, the bull shark, Carcharhinus leucas and the tiger shark, Galeocerdo cuvier) appears to be a sound approach, possibly in combination with other types of sensory deterrents. 196 
Conclusions
Our understanding of the eyes and visual abilities of sharks is still rather rudimentary and there is still a great deal we do not know about why these apex predators have remained relatively unchanged over many millions of years. By comparative investigation of the visual system, we can trace the origins and evolution of the vertebrate eye 200 and its component structures, 201, 203 appreciate the exquisite levels of adaptation for vision underwater, identify the ontogenetic and environmental factors influencing visual plasticity and apply this knowledge to efforts focused on conservation and mitigation.
